Abstract. Over the past years, the blended elemental powder metallurgy (PM) approach has been identified as one of the most promising strategies to reduce the cost of titanium-based components. However, oxygen pick-up, inhomogeneity of the microstructure and chemical composition are sometimes reported for PM parts. This work compares properties of a blended elemental Ti-6Al-4V alloy obtained by sintering under argon gas atmosphere with those of a vacuum cast alloy. Argon was purified by passing it through a series of oxygen and moisture traps prior to being introduced into the sintering furnace. Casting was performed under vacuum (1 x 10 -3 mbar). The starting material in both processes was the cold isostaticaly pressed blended elemental (BE) Ti-6Al-4V powder compact. The BE powder was prepared by mixing 60Al-40V master alloy powder with commercial Grade 4 titanium powder (0.377 wt.% O 2 ). The sintered and cast alloys were compared on the basis of oxygen pick-up, density, microstructure, chemical composition and hardness to determine which method is better. Although the BE approach could not eliminate the common challenges associated with powder metallurgy processing of Ti alloys, oxygen pick-up and additional contamination was lower compared vacuum casting. Sintering at 1350°C for 1 h could not achieve full density compared to casting, but the microstructure appeared more homogeneous. Both sintered and cast Ti6Al4V alloys were harder than wrought Ti6Al4V due to a high concentration of interstitial oxygen. The sinterered and sintered plus HIPed Ti6Al4V alloys were softer than as-cast Ti6Al4V due to lower oxygen pick-up and incomplete densification. From the contamination and homogeneity perspective, the BE approach is an attractive technique for processing of Ti6Al4V alloy.
Introduction
Titanium (Ti) and its alloys are well known for their attractive properties that include, low density, high strength-to-weight ratio, superior corrosion resistance and elevated temperature capability. However, the high cost, derived from specialized processing of Ti powder and high material losses due to finishing operations, is a primary factor that limits the usage of titanium products to critical applications such as aircraft and biomedical components [1, 2] . Ti powder metallurgy (PM) is a widely researched, well developed and economical near-net shape process. For the past years, Ti PM has been expected to stimulate the extension of Ti usage into new markets [3, 4] . This technique is generally classified into two categories; blended elemental (BE) approach and the prealloyed (PA) approach. BE is the most cost-effective due to the capability of blending cheaper Ti powders (e.g. Ti sponge fines and HDH-Ti) with other alloying elemental powders (e.g. Al and V), followed by cold pressing and sintering [5] . Although the BE approach offers prospects for significant reduction in the cost of Ti alloys, issues of oxygen pick-up, inhomogeneity and residual porosity are among other commonly experienced challenges. In this study, Ti-6Al-4V (Ti64)alloys are produced using the BE powder metallurgy and vacuum casting techniques. The oxygen concentration, relative density, chemistry and microstructure of the resultant alloys are compared to determine which technique, between BE approach and casting, is better.
Experimental procedures
Materials. Irregular-blocky Grade 4 Ti powder (99.5%; -45 µm) purchased from Industrial Analytical (South Africa) and spherical 60Al-40V (wt.%) master alloy powder (-45 µm) purchased from TLS Technik GmbH & Co. (Germany) were the starting materials. The chemistry of the asreceived powders is shown in Table 1 . Powder Blending. 10 wt.% 60Al-40V alloy powder and 90 wt.% pure Ti powder were blended in a WAB TURBULA ® SYSTEM SCHATZ mixer to make a Ti-6Al-4V powder. The speed was fixed at 67 rpm for 1 hour and blending was performed under normal atmosphere. Two WC balls (10 mm) were included to facilitate blending. Powder Consolidation. The EPSI cold isostatic press was used to press the blended Ti6Al4V powder at 700 MPa. The resultant cylindrical rods (16 x 63 mm) were sintered (1350°C for 1 h) in the Elite TSH17/75/150 under argon gas atmosphere. Argon gas was purified by passing it through moisture and oxygen traps prior to being introduced into the furnace. A cooling rate of 5°C/min was used and sintered rods were removed from the furnace at 25 °C. The AVURE hot isostatic press was used to consolidate the sintered rods further by applying 1000±50 bar Ar gas pressure at 950±10°C for 2 h. Casting. Two kilograms of blended Ti6Al4V powder was cold isostatically pressed (400 MPa) and melted in a ZrO 2 -based crucible under vacuum (1x10 -3 mbar ) in a Leybolt Heraeus ISPIII/DS furnace. The melt was poured at a temperature of approximately 1800°C into a copper mold. The Ti6Al4V ingot solidified in the furnace and cylindrical specimens were extracted using wire cutting. Characterization. The inert gas fusion technique (LECO TCH 600) was used for oxygen analysis and densities were determined using Archimedes method. The alloys were sectioned with a diamond cut-off wheel and hot mounted on bakelite for metallographic examination. Metallography specimens were wet ground on SiC paper and polished to a 0.04 µm finish using colloidal silica, and Krolls reagent was used for etching. The morphology, microstructure and chemical composition were studied using Phillips XL-30 and JOEL JSM-6510 scanning electron microscopes (SEM) equipped with a microanalysis energy dispersive spectroscopy (EDS) system. The phase composition was determined using the Bruker D2 Phaser X-ray diffractometer equipped with a CoK α radiation source. A Vickers macro-indentation test was performed by applying a load of 20 kg for 10 seconds.
Results and discussion
Characterization of starting materials. Fig. 1(a) shows that the Ti powder consists of irregularblocky particles. In contrast, Fig. 1(b) shows that the master alloy powder consists of finer spherical particles, typical of atomized metal powders [6] . The EDS spot analysis in Fig. 1(c) show that individual particles and the bulk 60Al-40V master alloy powder mainly consist of Al and V. The X-ray diffraction pattern in Fig. 2(a) confirmed the existence of these elements in the form of V 5 Al 8 and Al 3 V intermetallics. The 60Al-40V and Ti powders were then blended in proportions of 10 and 90 wt.%, respectively, using a Turbula ® mixer. The EDS spot analysis ( Fig. 2(b) ) reveals 4.31 wt.%
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of excess Al in the blended Ti-6Al-4V powder. The extra Al can be attributed to the detection of electrons which interacted with the Al stub on which the powder was mounted during EDS microanalysis. Fig. 1 . Particle morphology of (a) as-received commercial purity titanium powder and (b) asreceived 60Al-40V master alloy powder and (c) EDS spot analysis of as-received 60Al-40V master alloy powder particles. Oxygen analysis of as-sintered and as-cast Ti-6Al-4V alloys. Table 2 compares the oxygen concentration of the sintered and cast Ti6Al4V alloys to the starting blended powder. In the case of the sintered alloy, 0.39 wt.% of oxygen pick-up is indicative of a less controlled sintering atmosphere. In contrast, the increase in oxgen concentration by 0.61wt.% in the as-cast alloy can be attributed to the dissolution of oxygen from the ZrO 2 melting crucible, indicative of the need for less reactive materials for Ti melting crucibles. Therefore, from the oxygen contamination perspective, the BE approach is better than casting. 
Microstructural analysis
Cold isostatic press and sinter. Fig. 3 shows backscattered SEM images of cross-sectioned Ti6Al4V alloys sintered at 1350°C for 1 h followed by HIPing (1000 bar at 950°C for 2 h). The assintered alloy (Fig. 3(a) ) consists of elongated grains (dark phase) separated by a continuous thin layer (bright phase). These microstructural features appear to be uniform throughout the examined cross-section, except for a slight variation in the contrast of the grains. The elongated grains result from furnace cooling (at 5°C/min) from above the β transus of TiAl64V, which is in agreement with
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literature [7] . The presence of residual porosity (dark spots) indicates the inability of selected sintering conditions to achieve full density. From Fig. 3(b) , it is evident that HIPing closed most of the residual porosity and resulted in severe coarsening of most grains. Grain coarsening can be attributed to a prolonged isothermal holding time (2 h) and slow cooling after HIPing. The EDS spot analysis of Ti6Al4V alloys produced by BE powder metallurgy approach are presented in Fig. 4 . The grains of the as-sintered alloy (Fig. 4(a) ) and sintered plus HIPed alloy (Fig.  4(d) ) are rich in Al, confirming the presence of the α-Ti as the primary phase. In contrast, the grain boundaries of the as-sintered alloy (Fig. 4(b) ) and sintered plus HIPed alloy (Fig. 4(e) ) are rich in V, confirming the predominance of the β-Ti phase at grain boundaries. The overall composition of the as-sintered alloy (Fig. 4(c) ) and sintered plus HIPed alloy (Fig. 4(f) ) show that the Al concentration was below the American Society for Metals (ASM) specification (5.5-6.75 wt.%), while the V concentration was within the specification (3.5-4.5 wt.%). Additionally, the amount of Al in the sintered alloy is almost half the amount in the starting powder, confirming that the excess Al observed in the blended Ti6Al4V powder (Fig. 2(b) ) is from the Al stub. Fig. 4 . EDS spot analysis of the (a) grains, (b) grain boundaries and (c) overall cross-section of the Ti-6Al-4V alloy in the as-sintered condition and EDS spot analysis of (d) grains, (e) grain boundaries and (f) overall cross-section of the Ti-6Al-4V alloy in the sinter plus HIP condition.
Casting. From the optical micrograph in Fig. 5(a) , it can be seen that the solidification of the Ti6Al4V alloy from 1800°C resulted in equiaxed prior-β grains separated by a continuous layer of grain boundary α-Ti (bright phase). The microstructure inside most grains predominantly consists of
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Widmanstätten α plates (bright phase) in a matrix of β-Ti (dark phase), which is typical of the cast Ti-6Al-4V alloy [8] . The width of the α-Ti plates is not consistent in some grains, and the size of the prior-β grains varied between 200 and 1600 µm, possibly due to non-uniform solidification of the alloy during casting. Nevertheless, the SEM micrograph in Fig. 5(b) shows that α-Ti plates (dark phase) are generally finer than the α-rich grains in the BE powder metallurgy alloy ( Fig. 3(a) and Fig. 3(b) ). Similar to the BE powder metallurgy alloy, the bulk composition of the as-cast Ti6Al4V (Fig. 5(c) ) reveals that the Al concentration was below the mininium ASM requirements and almost half that of the starting blended Ti6Al4V powder. A small amount of Zr (0.14 wt.%) could also be detected, confirming the dissociation of ZrO 2 from the melting crucible used. Density and Hardness. In the as-sintered condition, the alloy had approximately 6% residual porosity, as seen in Fig. 3(a) , which is typical of titanium alloys produced by the cold press and sinter method. The HIPing of the previously sintered alloy resulted in 4.8% shrinkage, leaving behind 1.2% of residual porosity as illustrated in Fig. 3(b) . Casting resulted in full density (99.9% of the theoretical). Fig. 6 shows how the Vickers hardness of Ti6Al4V alloy is affected by the processing technique. The hardness values are an average of five indentations for each processing method. The sintered and sintered plus HIPed alloys are softer (366±12.6HV and 389±6.3 HV) than the cast alloy (418±29.3 HV). The low hardness may be attributed to the low oxygen pick-up and low density compared to cast Ti6Al4V. The influence of density on hardness is clearly demostrated by the sintered and sintered plus HIPed alloys, where a decrease in residual porosity from 6 % to 1.2% was accompanied by approximately 23 HV increase in hardness. All alloys produced in this work are harder than wrought Ti6Al4V (350 HV) [9] due to high levels of interstitial oxygen. The hardness of the cast alloy exhibits the highest scatter between measurements (ranging from 386.3 to 424.0 HV) possibly due to the non-uniform distribuion of Zr inclusions from the melting crucible and microstructural inhomogeneity. Fig. 6 . Influence of processing route on the Vickers hardness of Ti6Al4V alloy.
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Summary
The evaluation of the of the Ti-6Al-4V alloys produced by CIP and sinter and vacuum induction casting led to the following conclusions:
• Although oxygen pick-up could not be completely eliminated in both processes, the BE powder metallurgy approach did better than casting. Induction melting dissolved O 2 and additional contaminants (Zr) from the ZrO 2 crucible.
• The BE approach cannot achieve a minimum density (99%) required for practical applications, HIP is required to increase the density further. Casting performs better from the density perspective.
• The alloys produced by the BE approach and vacuum casting are harder than wrought Ti6Al4V due to higher levels of interstitial oxygen.
The BE powder metallurgy approach confirms the difficulties associated with powder metallurgy processing of Ti components (oxygen pick-up and residual porosity), while the vaccum casting reveals the challenge of melting Ti-based materials in conventional ceramic crucibles (meltcrucible-material interaction).
